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VELOCITY REQUIREMENTS FOR MARS STOPOVER/VENUS 

SWINGBY MISSIONS I N  1981 

By Joseph R .  Thibodeau 111 

1.0 SUMMARY AND INTRODUCTION 

Launch da te s ,  f l i g h t  t imes,  and impulsive AV requirements a r e  pre- 
sented f o r  minimum sum AV Mars  stopover missions with Venus swingbys. 
Minimum sum AV mission plans a r e  presented f o r  t h e  Earth departure oppor- 
t u n i t y  i n  l a t e  1981 and ea r ly  1982. 
30 days, 40 days, 60 days, and 80 days a r e  considered. The AV c o s t s  f o r  
t h e  spacecraft  capture and escape maneuvers a t  Mars a r e  ca lcu la ted  by 
considering t h e  plane changes and fl ight-path angle cor rec t ions  t h a t  may 
be required.  
of t h e  g r a v i t a t i o n a l  f i e l d  of Mars are used t o  minimize t h e  required plane 
changes and f l igh t -pa th  angle corrections.  The o r b i t a l  elements of t h e  
parking o r b i t s  a t  Mars are presented. 

Orb i t a l  staytimes a t  Mars of 20 days, 

Perturbations of t h e  parking o r b i t  caused by t h e  oblateness 

2.0 DISCUSSION 

The 1981 Mars stopover Venus swingby mission cons i s t s  of a d i r e c t  
i n t e rp l ane ta ry  t r a n s f e r  from Earth t o  Mars, a shor t  o r b i t a l  stopover a t  
M a r s ,  and a r e t u r n  t r a n s f e r  from Mars t o  Earth which i s  a l s o  a f r e e  f l y -  
by of Venus. This mission is  i l l u s t r a t e d  i n  f i g u r e  1. 

The d i r e c t  t r a n s f e r  from Earth t o  Mars can have e i t h e r  a type I 
( h e l i o c e n t r i c  t r a n s f e r  angle < 1 8 0 ~ )  or a type I1 (he l iocen t r i c  t r a n s f e r  
angle > 180~) t r a j e c t o r y .  
a r r i v a l  da t e s  at Mars; however, t h e  Earth departure da t e s  a r e  separated 
by 40 t o  60 days which gives r i s e  t o  two separa te  Earth departure oppor- 
t u n i t i e s ,  one i n  November of 1981 and t h e  other i n  January of 1982. 

Both t r ans fe r  t r a j e c t o r i e s  have t h e  same 

The r e t u r n  t r a j e c t o r y  from Mars t o  Earth i s  a l s o  a f r e e  flyby of 
Venus, The flyby a l t i t u d e  a t  Venus i s  constrained t o  be between 
500 n. m i .  and-10 000 n. m i .  above the  p l a n e t ' s  sur face .  The pe r i aps i s  
v e l o c i t i e s  of t h e  Venus approach and departure t r a j e c t o r i e s  a r e  matched 



t o  w i t h i n  a +lO-fps tolerance.  
type I; t h e  Venus-Earth t r a j e c t o r y  i s  type 11. 
t o  t h e  category 3 Mars stopover/Venus swingby mission described by Deer- 
wester i n  reference 1. 

The t r a j e c t o r y  from Mars t o  Venus i s  
This descr ip t ion  pe r t a ins  

The Earth en t ry  v e l o c i t i e s  fo r  t hese  missions a r e  near ly  constant 
at 40 000 fps  f o r  an en t ry  a l t i t u d e  of 400 000 f e e t .  

The Earth departure ve loc i ty  requirements vary from a minumum of 
The 1 2  700-fps value w a s  used 

. 
11 T O O  f p s  t o  a maximum of 12  700 fps .  
as a cu1isti;aini For Earth departure AY i n  t h e  mission se i ec t ion  and 
optimization program. 
Earth departure AV i s  below t h i s  value,  t h e  optimization c r i t e r i o n  i s  
minimum sum AV. I n  regions of t h e  window where t h e  Earth departure AV 
i s  above t h i s  value,  t h e  optimization c r i t e r i o n  i s  minimum sum AV subject 
t o  t h e  cons t ra in t  t h a t  t h e  Earth departure AV i s  equal t o  or l e s s  than 
1 2  700 fps .  
found i f  t h e  Earth departure cons t ra in t  were relaxed. 
would have higher i n j ec t ion  v e l o c i t i e s  , but t h e  spacecraf t  ve loc i ty  
requirements would be lower. 

I n  regions of t h e  mission launch window where t h e  

Mission plans with lower t o t a l  AV requirements could be 
Such mission plans 

The magnitude of t h e  spacecraf t  ve loc i ty  requirements a t  Mars, and 

For staytimes between 20 and 80 days, 
pa r t i cu la r ly  at Mar's departure ,  i s  cont ro l led  predominantly by t h e  length 
of t h e  o r b i t a l  staytime at Mars. 
t h e  Mars departure AV increases  as t h e  staytime i s  increased. I n  t h i s  
r epor t ,  o r b i t a l  staytimes of 20, 30, 40, 60, and 80 days a r e  considered. 
The staytime i s  var ied t o  i l l u s t r a t e  t h e  e f f e c t  of t h e  staytime on t h e  
veloci ty  requirements f o r  Earth departure and on t h e  spacecraf t  ve loc i ty  
requirements a t  Mars. 

a 
The spacecraft  ve loc i ty  requirements a t  Mars a r e  represented by 

both scalar  and vector computations of t h e  AV f o r  t h e  capture and escape 
maneuvers. The sca la r  A V ' s  represent  t h e  minimum capture  and escape 
ve loc i t i e s  required f o r  a spacecraf t  i n  a f ixed 200- by 1 0  000-n. m i .  
a l t i t u d e  parking o r b i t  a t  Mars. 
t h e  parking o r b i t  i s  idea l ly  a l ined  with t h e  approach and departure 
asymptotes. They do not include AV cos t s  t o  account f o r  possible  misaline- 
ments of t h e  parking o r b i t .  
estimates of t h e  ac tua l  AV cos ts .  

These sca l a r  A V ' s  a r e  ca lcu la ted  assuming 

Thus, they may y i e l d  u n r e a l i s t i c a l l y  low 

J 

I n  cont ras t ,  t h e  computations of t h e  vector A V ' s  do include poss ib le  
plane change requirements. 
presented i n  reference 2. This method, which uses t h e  oblateness  of 
M a r s  g rav i ta t iona l  f i e l d  t o  r o t a t e  t h e  parking o r b i t ,  y i e l d s  A V ' s  which 
more accurately r e f l e c t  t h e  cos t  of t h e  ac tua l  AV; a t  t h e  same time, it 
establ ishes  an upper bound f o r  t h e  plane change requirements a t  M a r s .  

The method of computation of t hese  A V ' s  i s  
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The vector AV's are genera l ly  higher f o r  t h e  shor te r  staytimes 
because t h e  apoapsis a l t i t u d e  i s  adjusted t o  a value below 1 0  000 n.  m i .  
t o  minimize AV c o s t s  f o r  parking o r b i t  alinement. Therefore, they  a r e  
ca lcu la ted  f o r  a lower energy parking o r b i t .  Thus, f o r  t h e  shor t  stay- 
times, t h e  vector AV's may become unreasonable high when very low energy 
o r b i t s  must be used. a For t h e  80-day M a r s  stopover, t h i s  method results i n  AV's 5 percent 

I t o  6 percent g rea t e r  than  t h e  sca l a r  values.  The method w i l l  be  discussed 
i n  more d e t a i l  i n  sec t ion  3. 

The sca l a r  and vector AV curves together def ine  a AV design envelope 
f o r  t h e  capture and escape maneuvers a t  Mars. 
plan f o r  t h e s e  maneuvers i s  not known, it must result i n  AV's which l i e  
within t h e  bounds of t h e  envelope. 

Although t h e  optimum f l i g h t  

3.0 PROCEDURE AND ANALYSIS 

Optimization and ana lys i s  of any mission plan requi res  p r i o r  know- 
ledge of t h e  existence and gross c h a r a c t e r i s t i c s  of t h e  mission t o  be 
inves t iga ted .  Accordingly, f o r  t h e  Venus swingby mission t o  Mars, t h e  
i n i t i a l  estimates and f l i g h t  times were prov3ded by re ference  1. a The ana lys i s  i s  a two-step process beginning with t h e  i n i t i a l  esti- 
mates for t h e  launch da te  and f l i g h t  times: 
operation of a computer program. 

Both s t eps  a r e  phases of t h e  

I n  s t e p  one, t h e  weighted l e a s t  squares technique i s  used t o  f i n d  
minimum sum AV mission plans subject t o  various cons t r a in t s  on t h e  
dependent and independent variables. 
re ference  3. The r e s u l t  of t h i s  s t e p  i s  t h e  ca l cu la t ion  of a re ference  
t r a j e c t o r y  or nominal mission. The nominal mission represents  t h e  bes t  
mission t h a t  can be found and, therefore ,  i s  t h e  optimum mission p lan  
subject t o  a l l  t h e  cons t r a in t s  on the  dependent and independent va r i ab le s .  

This technique i s  discussed i n  

L 

The second s t e p  i s  t h e  production of t h e  ve loc i ty  requirements and 
f l i g h t  plans f o r  t h e  Earth o r b i t a l  launch window. The f l i g h t  times and 
o r b i t a l  staytime of t h e  optimum mission determined i n  s t e p  1 are used as 
t h e  i n i t i a l  estimates t o  re-optimize t h e  mission for a new launch da te  
which i s  then held f ixed .  The launch date is incremented a t  5-day in t e r -  
v a l s  over a 50-day period centered t o  include 25 days on each s ide  of t h e  
launch d a t e  of t h e  optimum mission. 
re-optimized f o r  each new launch da te  so t h a t  t h e  bes t  poss ib le  mission, 
subject t o  t h e  cons t r a in t s ,  i s  found f o r  each new launch date. 

I n  t h i s  s t e p  then, t h e  mission i s  
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The computation of t h e  poss ib le  parking o r b i t s  a t  Mars and fhe  f l y -  

The spacecraf t  vector AV c o s t s  are calculated a f t e r  t h e  optimum 
by t r a j ec to ry  parameters a t  Venus a r e  pa r t  of t h e  computer program output 
module. 
mission plan i s  selected.  Thus, t h e r e  remains a d i s t i n c t  p o s s i b i l i t y  
t h a t  t h e  vector AV requirements can be reduced by modeling them during 
t h e  mission se lec t ion  process,  p a r t i c u l a r l y  f o r  t h e  very shor t  staytimes.  

3.1 The Parking Orbit at M a r s  

The parking o r b i t s  a t  Mars and t h e  spacecraf t  vector A V ' s  a r e  deter-  
mined by t h e  method presented i n  reference 2. 
pa r t  of the program pr in tout  module, accommodates both t h e  geometry of 
approach and departure and t h e  e f f e c t s  of planetary oblateness.  
approach i s  t o  choose t h e  o r b i t a l  eccen t r i c i ty  and inc l ina t ion  so  t h a t  
t h e  r e su l t an t  nodal and aps ida l  notions w i l l  s h i f t  t h e  o r i g i n a l  o r b i t  
i n t o  proper alinement f o r  departure on t h e  intended date .  The program 
determines a l l  parking o r b i t  configurat ions which match t h e  a r r i v a l  and 
departure t r a j e c t o r i e s  a t  Mars. The output cons i s t s  of t h e  o r b i t a l  ele- 
ments of t h e  parking o r b i t ,  t h e  approach and departure  hyperbolas, and 
t h e  spacecraft  vector A V ' s .  The o r b i t a l  elements a r e  ca lcu la ted  f o r  an 
epoch corresponding t o  t h e  time of pe r i aps i s  passage on t h e  approach 
hyperbola. They a r e  spec i f ied  i n  a non-rotating, Mars-centered, rectan- 
gular  Cartesian coordinate system. The XY plane of t h i s  system i s  de- 
f ined  by t h e  Mars equator. The pos i t i ve  Z-axis po in ts  north along t h e  
Mars spin axis. The pos i t i ve  X - a x i s  i s  defined by t h e  in t e r sec t ion  of 
t h e  planatary o r b i t  and equator ia l  planes and corresponds t o  t h e  descend- 
ing node of t he  planetary o r b i t  on t h e  equator ia l  plane. The pos i t i ve  
Y - a x i s  i s  90' eas t  of X and completes a right-handed system. 
formation equations f o r  t h i s  system a r e  presented i n  reference 4. 

This method, programed as 

The bas ic  

The t rans-  

4.0 RESULTS 

4 . 1  The Earth Departure Windows 

Mars stopover/Venus swingby mission plans were generated f o r  o r b i t a l  
staytimes a t  Mars of 20 days, 30 days, 40 days, 60 days, and 80 days. 
basic  mission ve loc i ty  requirements are presented f o r  t hese  missions i n  
figure 2. The A V ' s  shown i n  these  f igu res  a r e  sca l a r  d i f fe rences  as 
computed from conic t r a j e c t o r i e s .  The i n j e c t i o n  AV i s  t h e  impulsive AV 
required t o  escape a 262-11. m i .  a l t i t u d e  c i r c u l a r  parking o r b i t  a t  ea r th .  
The t o t a l  AV i s  t h e  sum of t h e  i n j e c t i o n  AV and t h e  impulsive v e l o c i t i e s  
required for capture and escape a t  M a r s .  
i s  assumed t o  be e l l i p t i c a l  with a 200-n. m i .  a l t i t u d e  pe r i aps i s  and 

The 

The spacecraf t  parking o r b i t  
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a 1 0  000-n. m i .  a l t i t u d e  apoapsis. There is  no AV required a t  Venus. 
Because a f r e e  f lyby of Venus i s  desired,  t h e  pe r i aps i s  v e l o c i t i e s  of 
t h e  Venus approach and departure t r a j e c t o r i e s  a r e  matched t o  within a 
510-fps tolerance.  
presented i n  more d e t a i l  i n  reference 5. 

The trans-Mars in jec t ion  ve loc i ty  requirements a r e  

4.2 The Spacecraft Velocity Requirements 

The spacecraf t  ve loc i ty  requirements are presented i n  f igu re  3. The 
M a r s  capture  AV i s  ca l l ed  M O I  (Mars o rb i t  i n s e r t i o n ) ;  t h e  escape AV i s  
ca l l ed  T E I  ( t r ansea r th  i n j e c t i o n ) .  
s c a l a r  A V ' s  are repeated from f igu re  2 and t h e  M O I  and TEI A V ' s  a r e  re- 
p lo t t ed .  
has i t s  o r b i t a l  elements se lec ted  s o  t h a t  it w i l l  s h i f t  i n t o  proper a l ine-  
ment f o r  departure  on t h e  intended date. The spacecraf t  AV maneuvers 
for capture  and escape are coplanar and occur a t  pe r i aps i s  of t h e  parking 
o r b i t .  
t h e  s c a l a r  value because t h e  apoapsis a l t i t u d e  must be lowered t o  force 

Two curves a r e  shown f o r  each AV. The 

The vector  A V ' s  are shown for  an e l l i p t i c a l  parking o r b i t  which 

The A V ' s  f o r  t h i s  type parking o r b i t  a r e  general ly  higher than 

. t h e  parking o r b i t  i n t o  proper alinement. 

For t h e  80-day s t ay  mission, t h i s  method y i e lds  A V ' s  which a r e  from 
A s  t h e  staytime 5 percent t o  6 percent above the  m i n i m u m  sca l a r  values .  

i s  shortened, t h e  percentage increase i n  AV cos t s  f o r  t h i s  technique 
become grea te r ,  reaching 50 percent for  t h e  20-day s tay .  

The minimum sum AV mission f l i g h t  times a r e  shown i n  t a b l e  I. The 
ve loc i ty  requirements f o r  t hese  missions a r e  shown i n  t a b l e  11. The 
o r b i t a l  elements of t h e  parking o rb i t  a t  Mars and t h e  vector  A V ' s  a r e  
shown i n  t a b l e  111. The Venus flyby mission parameters a r e  shown i n  
t a b l e  I V .  
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4910 4920 4930 4940 4950 4960 4970 4980 
Date of Earth departure, days after Julian date 2 440 000 

la) 2 W a y  stay. 

Figure 2.- Mission velocity requirements. 
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4910 4920 493 0 4940 4950 4960 4970 4980 
Date of Earth departure, days after Julian date 2 440 000 

(b) 3 W a y  stay. 

Figure 2.  - Continued. 
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Figure 2. -  Continued. 
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Date of Earth departure, days after Julian date 2 440 000 
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Figure 2.  - Continued. 
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4910 4920 493 0 4940 4950 4960 4970 4980 
Date of Earth departure, days after Julian date 2 440 000 .. 

(e) 8Oday stay. 

Figure 2. -  Concluded. 
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